Feature selectivity is a fundamental property of sensory cortex neurons, yet the mechanisms underlying its genesis are not fully understood. Using intracellular recordings in vivo from layers 2-6 of rat barrel cortex, we studied the selectivity of neurons to the angular direction of whisker deflection. The spike output and the underlying synaptic response decreased exponentially in magnitude as the direction of deflection diverged from the preferred. However, the spike output was more sharply tuned for direction than the underlying synaptic response amplitude. This difference in selectivity was attributable to the rectification imposed by the spike threshold on the input-output function of cells. As in the visual system, spike threshold was not constant and showed trial-to-trial variability. However, here we show that the mean spike threshold was direction dependent and increased as the direction diverged from the preferred. Spike threshold was also related to the rate of rise of the synaptic response, which was direction dependent and steepest for the preferred direction. To assess the impact of the direction-dependent changes in spike threshold on direction selectivity, we applied a fixed threshold to the synaptic responses and calculated a predicted spike output. The predicted output was more broadly tuned than the obtained spike response, demonstrating for the first time that the regulation of the spike threshold by the properties of the synaptic response effectively enhances the selectivity of the spike output.
Introduction
Neurons in sensory cortices respond preferentially to certain attributes of stimuli within their specific sensory modality (i.e., they are tuned to specific stimulus features). Understanding the cellular and network mechanisms that underlie stimulus feature selectivity is an essential step toward understanding the strategies used by the neocortex for stimulus representation.
In primary visual cortex, for example, neurons are tuned to stimulus features such as orientation and spatial and temporal frequency (for review, see Ferster, 2004) . Orientation tuning is believed to arise from the pattern of thalamocortical projections (Hubel and Wiesel, 1962; Alonso et al., 1996; Ferster, 2004) , but the role of additional cortical mechanisms is still not fully understood (Chance et al., 1999; Martin, 2002) . In the barrel cortex of rodents, neurons are selective for the angular direction in which their corresponding mystacial whisker [the principal whisker (PW)] is deflected (Simons, 1983; Simons and Carvell, 1989; Bruno and Simons, 2002) . Direction selectivity is already present in the principal trigeminal nucleus Shoykhet et al., 2003) and in the ventrobasal nucleus of the thalamus (Simons and Carvell, 1989; Bruno et al., 2003; Timofeeva et al., 2003) . Therefore, the spike output tuning of individual barrel cortex cells may simply be a faithful reproduction of the tuning properties of their synaptic inputs, or, alternatively, postsynaptic mechanisms may transform a broadly tuned synaptic input into a sharply tuned spike output. The latter imposes less stringent anatomical requirements on the system. A postsynaptic mechanism for enhancing stimulus selectivity in primary visual cortex is the spike threshold (Carandini and Ferster, 2000; Volgushev et al., 2000 Volgushev et al., , 2002 . The spike output is more sharply tuned than the synaptic responses, because nonoptimal stimuli evoke primarily subthreshold responses. In addition, it was proposed that an adaptive threshold, regulated by the rate of rise of the synaptic response, may further enhance stimulus selectivity by decreasing the threshold, and therefore increasing the output, to optimal stimuli (Bonds, 1989; Nelson et al., 1994; Azouz and Gray, 2003) . Such a mechanism has never been demonstrated but has strong support from experimental studies showing that spike threshold depends on the rate of rise of the triggering membrane potential (V m ) trajectory (Hodgkin and Huxley, 1952; Noble and Stein, 1966; Schlue et al., 1974; Bryant and Segundo, 1976; Fricker et al., 1999; Azouz and Gray, 2000) . In contrast, it has been shown experimentally that stimuli of optimal orientation have steeper input-output relationships, but this is not because of the spike threshold, which does not change with orientation (Volgushev et al., 2002) .
Here, we show for the first time that stimulus-dependent changes in spike threshold play a key role in sharpening the tuning to a stimulus feature (i.e., the angular direction of whisker deflection in rat barrel cortex neurons). The spike threshold is direction dependent and related to the slope of the synaptic response. The systematic increase in spike threshold as the direc-tion deviates from the preferred effectively rendered more nonpreferred trials subthreshold and enhanced the selectivity of the spike output.
Materials and Methods
Surgery and preparation. Experiments were conducted in accordance with the ethical guidelines of the National Institutes of Health and with the approval of the Institutional Animal Care and Use Committee of the University of Pennsylvania (Philadelphia, PA). Adult male Sprague Dawley rats (350 -450 g) were anesthetized with pentobarbital (50 mg/kg, i.p.). Buprenorphine (0.03 mg/kg, s.c.) was administered to provide additional analgesia. Animals were paralyzed with gallamine triethiodide and artificially ventilated. End-tidal CO 2 (3.5-3.7%) and heart rate were continuously monitored. Body temperature was maintained at 37°C via servo-controlled heating blanket and rectal thermometer (Harvard Apparatus, Holliston, MA). The depth of anesthesia was maintained by supplemental doses of the same anesthetic to keep a constant heart rate and a constant high-amplitude, low-frequency electroencephalogram as recorded from a bipolar electrode inserted into the cortex.
For cortical intracellular recordings, the animal was placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA), and a craniotomy was made to expose the surface of the barrel cortex (1.0 -3.0 mm posterior to bregma, 4.0 -7.0 mm lateral to the midline). The dura was resected over the recording area, and mineral oil was applied to prevent desiccation. The stability of recordings was improved by drainage of the cisterna magna, hip suspension, and filling of the holes made for recording with a solution of 4% agar.
Electrophysiological recordings. Intracellular recordings were performed with glass micropipettes filled with 3 M potassium acetate and DC resistances of 80 -90 M⍀. The intracellular recordings were usually obtained within 1 mm of the EEG recording electrode. Pipettes were oriented normal to the cortical surface, and the vertical depth was read on the scale of the micromanipulator. A high-impedance amplifier (bandpass, 0 -5 kHz) with active bridge circuitry (Cygnus Technology, Delaware Water Gap, PA) was used to record and inject current into the cells. Data were digitized at 10 kHz and stored on Nicolet Vision (Nicolet Instrument Technologies, Madison, WI). A computer operating LabView (National Instruments, Austin, TX) was used for the on-line averaging of responses.
Whisker stimulation. Before recording, whiskers were trimmed to a length of ϳ12 mm. Individual whiskers were deflected mechanically using ceramic piezoelectric bimorphs (Simons, 1983; Wilent and Contreras, 2004) . Once a stable recording was obtained, the cell was depolarized moderately to facilitate whisker-evoked suprathreshold responses. Given the extensive subthreshold receptive fields of barrel cortex neurons (Moore and Nelson, 1998; Zhu and Connors, 1999; Brecht and Sakmann, 2002; Brecht et al., 2003; Higley and Contreras, 2003) , a minimum of six whiskers was tested for each cell. The whisker that evoked the most spikes was deemed the PW. The PW was then repeatedly deflected in eight randomly interleaved directions, separated by 45°, using a velocity of 1300°/s (acceleration, 7.8 ϫ 10 5°/ s 2 ). Caudal deflections are referred to as the 0°direction, rostral deflections as 180°, dorsal deflections as 90°, and ventral deflections as 270°(see Fig. 1 A) . The direction that evoked the most spikes was deemed the preferred direction (PD). All stimuli were 100 ms ramp, and hold deflections were delivered at 0.5 Hz or less to prevent steady-state adaptation of whisker-evoked responses (Moore et al., 1999) . For trials at depolarized and hyperpolarized V m s, current pulses were applied at least 200 ms before whisker stimuli to ensure the V m had reached steady state and to avoid capacitive artifacts. The amount of current injected was adjusted for each cell depending on its input resistance and firing rate at depolarized potentials.
Data analysis. All data analyses were performed off-line. Routines for averaging sensory responses were written in Igor Pro (WaveMetrics, Lake Oswego, OR). For all cells, whisker-evoked postsynaptic potential amplitudes were measured from the baseline V m to the peak of the response. Baseline V m was calculated as the mean V m of the 100 ms preceding whisker deflection. The direction sensitivity index (DI) of cells was measured as the PD response divided by the average response of all directions (Bruno and Simons, 2002) . The DI of spikes was measured using total evoked spikes, and the DI of the V m was measured using the synaptic response amplitude. Spike threshold was measured at the peak of the second derivative of the V m trace of the synaptic response, because threshold represents the highest acceleration of the membrane depolarization around a spike, which occurs when the membrane capacitance is discharged as the ionic current switches from outward to inward. This defines the action potential threshold (Noble, 1966) . Spike threshold was measured relative to the baseline V m immediately preceding the response. This procedure was checked repeatedly by visual inspection to assure its robustness; in all cases, the second derivative provided an accurate and reliable detection of the spike threshold. Cells (n ϭ 8) in which the action potential threshold could not be delineated unambiguously were not included in the database. The time window of 2.5 ms preceding threshold to measure the dV m /dt was chosen because a spike response was often evoked within 3-4 ms of response onset; therefore, using a range larger than 2.5 ms would potentially include time points at which the V m was almost certainly not changing as a result of the stimulus. In rare instances in which a spike was evoked within 2.5 ms of response onset, dV m /dt was determined over the appropriately shortened range (response onset to spike onset). However, this is not the preferred method for the population because of the difficulty in precisely determining stimulus onset.
Statistical measures were calculated using Igor Pro. An ANOVA was calculated to compare more than two groups, and Tukey's honestly significantly different post hoc test was used for pairwise comparisons. When comparing just two groups, Student's t test was used.
Results
We recorded intracellularly in vivo from neurons in layers 2-6 of the rat barrel cortex. All cells included in the database (n ϭ 32) had a stable V m between Ϫ66 and Ϫ79 mV (Ϫ72 Ϯ 5 mV; mean Ϯ SE) for at least 40 min, overshooting action potentials, and were sensitive to the direction of whisker deflection. Cells with direction indices (see below) lower than 1.3 were not included in the database (n ϭ 12). In addition, fast-spiking cells (n ϭ 3), as determined by their firing pattern in response to intracellular current injection (Connors and Gutnick, 1990; Nunez et al., 1993) , were not included, because this population is insensitive to the direction of whisker deflection (Bruno and Simons, 2002) . The average action potential duration of cells included in the database was 1.0 ms (range, 0.8 -1.2 ms). We will present the results as follows: first, we will compare the direction sensitivity and the direction tuning of the spike output to the underlying synaptic response amplitude. Second, we will show that the rate of rise (dV m /dt) of the synaptic response and the spike threshold are direction dependent and correlated. Third, we will show that the variation of spike threshold with direction effectively sharpens direction tuning.
Direction sensitivity and direction tuning of rat barrel cortex neurons
The PW was determined for each cell (see Materials and Methods) and was then deflected repeatedly (n ϭ 15-20) in eight randomly interleaved directions (Fig. 1 A) . The direction that evoked the most spikes was deemed the PD. For the example cell shown in Figure 1 , deflections in the caudorostral direction (135°) evoked the most spikes, as shown in the peristimulus spike histogram (11 spikes) (Fig. 1 B) . The synaptic response evoked by that direction was also the largest in amplitude, measured as the change in voltage from baseline to the peak of the response after spike removal (7.4 mV) (Fig. 1C) . The direction sensitivity of barrel cortex neurons to whisker deflection is usually quantified using the DI measure (Bruno and Simons, 2002) , which is the number of spikes evoked by the PD divided by the average num-ber of spikes evoked by all directions. For this cell, the DI of the spike response (DI spikes ) was 2.1. We also calculated the DI of the synaptic response amplitude (DI syn ϭ 1.6) by substituting millivolts for spikes. Thus, according to the DI measure, the spike output of the cell was more sensitive to direction than the underlying synaptic response amplitude.
The DI, however, does not provide information about direction tuning, because it only indicates the strength of the PD response relative to the average response from all directions. The tuning for direction can be assessed qualitatively by plotting response magnitude in polar coordinates (Fig. 1 D) . For this cell, the differences in spike counts were larger among directions than the differences in synaptic response amplitude; thus, qualitatively, the spike output was tuned more sharply than the synaptic response amplitude. We fit the data with a Gaussian function to quantify the tuning, but this approach yielded unsatisfactory fits ( Fig.  1 E) . The residual variance was high (spike response, 5.8%; synaptic response, 6.4%) ( Fig. 1 E, top plot, residuals), and the halfwidth at half-height (HWHH) of the Gaussian failed to detect the difference in tuning between the spike output and the synaptic response (HWHH for spikes, 76°; for the synaptic response, 77°) ( Fig. 1 E) that was clear in the polar plot.
To obtain a sensitive and reliable measure of direction tuning, we collapsed the measures from directions equidistant from the PD; consequently, response magnitude values were obtained for five directions: PD, 45°away from PD (average, 45 and 315°), 90°away (average, 90 and 270°), 135°away (average, 135 and 225°), and 180°away, which is the opposite direction (OD). To quantify direction tuning, the response magnitudes were fit with an exponential function, which yielded less residual variance than the Gaussian fits (spike response, 0.4%; synaptic response, 4.8%) (Fig. 1 F) . From the parameter values of the exponential fits, we generated a selectivity index ( S), calculated as the ratio between the amplitude of the decay ( A) from the PD to the OD and the decay constant (). The values of S obtained from the exponential fits reflected the difference in tuning evident in the polar plots (synaptic: ϭ 42°, A ϭ 48%, S ϭ 1.14; spikes: ϭ 34°; A ϭ 60%, S ϭ 1.76) (Fig. 1 E) . In summary, the spike response was more sensitive (larger DI) and more selective (larger S) for direction than the amplitude of the underlying synaptic response. The DI for this cell was 2.1. Avg, Average. C, Superimposed average (n ϭ 17) synaptic responses are shown. Vertical dotted lines indicate the peak where the amplitude was measured. The DI for the synaptic response (DI syn ) amplitude was 1.6. Response to the PD (black trace) and the OD (gray trace) are represented as thicker lines to highlight their differences. Stimulus onset time is indicated by the arrow. D, A polar plot of the spike (Spks; circle) and synaptic (Syn; square) response magnitude is shown. The spike response was more sharply tuned. E, The bottom plot shows the response magnitude plotted versus direction fit by a Gaussian function. The HWHH of the fit did not distinguish between the spike and synaptic response amplitude. The top plot shows the residuals (Res) from the fit. F, Response magnitude, plotted as function of angular distance from the PD, was fit with an exponential function, and the decay constant and decay amplitude of the fit were used to determine the selectivity. The spike response was more selective than the synaptic response amplitude. The top plot shows the residuals from the fit.
We compared the direction sensitivity and the direction selectivity between the spike and the synaptic responses for all cells. Similar to what is reported in other intracellular studies performed in this system (Moore and Nelson, 1998; Brecht and Sakmann, 2002; Higley and Contreras, 2003; Wilent and Contreras, 2004) , a small number of spikes per stimulus (0.28 spikes per stimulus) was evoked by the PD at the resting V m (Ϫ72 Ϯ 5 mV). Therefore, we measured the spike responses while cells were slightly depolarized (7-12 mV above rest; average V m ϭ Ϫ63 Ϯ 3 mV) with square current pulses (ϩ0.1 to ϩ0.3 nA) of 0.6 s duration and starting 0.2 s before each whisker deflection. This procedure increased the average spike output to 0.88 spikes per stimulus for the PD, which is more comparable with what is reported in extracellular studies (Simons and Carvell, 1989) . The disparity in activity values reported in the literature may be attributable to differences in anesthesia or a selection bias caused by the type of electrode or recording method. In addition to measuring the synaptic response amplitude at the depolarized level, we also measured it at rest and at a hyperpolarized V m (Ϫ81 Ϯ 4 mV). The spike response was more sensitive to direction (DI ϭ 2.12) than the synaptic response amplitude at any of the three V m s (depolarized, DI ϭ 1.78; at rest, DI ϭ 1.42; hyperpolarized, DI ϭ 1.45; p Ͻ 0.01; one-way ANOVA) (Fig. 2 A) . In addition, the synaptic response amplitude at a depolarized V m (Ϫ63 mV; DI ϭ 1.78) was significantly more sensitive to direction than the response at rest (Ϫ72 mV; DI ϭ 1.42; p Ͻ 0.05) or at a hyperpolarized V m (Ϫ81 mV; DI ϭ 1.45; p Ͻ 0.05) (Fig.  2 A) . For all but one cell, the spike response was more sensitive to direction than the synaptic response amplitude measured at rest (Fig. 2 B) . The range of DI values for the spike response (1.4 -3.4) was larger than the synaptic response amplitude at rest (1.2-2.1) (Fig. 2C) , and its distribution peak was shifted to the right.
To compare the direction selectivity of the spike output and the synaptic response amplitude for the whole population, we averaged the responses from all cells and generated population polar plots. To average between cells, the PD was plotted at 180°, and the response of each cell was normalized to its PD. It is clear from the population polar plots that the tuning of the spike output was sharper than the tuning of the synaptic response amplitude (Fig. 3A) . To obtain the direction selectivity for the population (as shown for a single cell in Fig. 1) , the data were plotted as a function of angular distance from the PD and fit with an exponential function. The residual variance of the fits was small (spikes, 2.2%; depolarized, 1.8%; at rest, 0.7%; hyperpolarized, 0.5%), as were the residuals, which are shown above the data (Fig. 3B) . The selectivity of the population spike response (S ϭ 1.64) was significantly higher than the selectivity of the population synaptic response amplitude, which was highest at the depolarized V m (depolarized, S ϭ 0.78; at rest, S ϭ 0.58; hyperpolarized, S ϭ 0.57; all comparisons had p Ͻ 0.05) (Fig. 3B) . Hyperpolarization decreased selectivity and increased the amplitude of the synaptic responses; this change in amplitude was expected as a result of the increase in driving force of excitatory currents and possibly reversal of inhibitory currents but was in contrast to the decrease in amplitude with hyperpolarization reported during stimulation in the visual system (Azouz and Gray, 2003) . To verify the accuracy of the tuning values obtained from the population polar plots, we ob- tained selectivity values for each individual cell, and their mean was similar to that of the population (spikes, S ϭ 1.65; V m (rest), S ϭ 0.68). In summary, the direction selectivity of the spike response was higher than that of the underlying synaptic response amplitude, which was slightly higher when measured from a depolarized baseline V m .
The relationship between spike threshold, dV m /dt, and direction The difference in selectivity between the synaptic and the spike responses demonstrated here was attributable in part to the nonlinearity introduced by the spike threshold, as already shown in other sensory systems (Azouz and Gray, 2000; Carandini and Ferster, 2000; Volgushev et al., 2000) . However, if threshold changes with direction, it may serve to further enhance the selectivity of the spike output. Threshold is highly sensitive to the rate of rise of the V m immediately preceding it (Hodgkin and Huxley, 1952; Schlue et al., 1974; Bryant and Segundo, 1976; Fricker et al., 1999; Henze and Buzsaki, 2001) , and a cursory examination of the synaptic responses strongly suggested that the dV m /dt was changing with direction. We measured spike threshold at the time of the peak of the second derivative of the V m (Fig. 4 A) , and we calculated the dV m /dt as the mean rate of rise during the 2.5 ms preceding spike initiation (see Materials and Methods) . Representative responses to the PD and OD trial are shown for an example cell (Fig. 4 B) . The threshold of the PD trial was Ϫ56 or 10 mV from baseline (Ϫ66 mV), and the dV m /dt of the response over the 2.5 ms preceding the spike was 4.0 mV/ms (Fig. 4 B) . The threshold of the OD trial was Ϫ54 or 12 mV from baseline, and the dV m /dt of the response over the 2.5 ms preceding the spike was 3.0 mV/ms (Fig.  4 B) . For this cell, the mean spike threshold was significantly different between the two directions (PD ϭ Ϫ56.4 Ϯ 0.4 or 8.9 Ϯ 0.7 mV above baseline; OD ϭ Ϫ54.3 Ϯ 0.6 or 10.8 Ϯ 0.8 mV above baseline; p Ͻ 0.01) (Fig. 4C) as was the dV m /dt (PD ϭ 4.8 Ϯ 0.2 mV/ms; OD ϭ 3.6 Ϯ 0.3 mV/ms; p Ͻ 0.01) (Fig. 4C ). An increase in the preceding dV m /dt correlated with a decrease in spike threshold (r ϭ 0.52; p Ͻ 0.02). The relationship between dV m /dt and threshold was also verified for the spontaneous spikes from this cell (r ϭ 0.49; p Ͻ 0.05) (Fig. 4 D, cell 1) as well as other cells (cell 2, r ϭ 0.43, p Ͻ 0.05; cell 3, r ϭ 0.34; p Ͻ 0.05) (Fig. 4 D) .
For the population, the dV m /dt preceding a spike was distributed normally with a mean of 2.1 Ϯ 0.4 mV/ms (Fig. 5A) . Stimulus-independent factors, such as spontaneous fluctuations in the baseline V m that occur from trial to trial, can affect spike threshold (Azouz and Gray, 2003) ; therefore, we verified that the average baseline V m was similar across directions for each cell. In addition, the level of current injection was adjusted for each cell such that the baseline depolarized V m (range, Ϫ60 to Ϫ66 mV) and the amount of depolarization required to reach threshold (range, 6 -11 mV) were comparable for all cells. As the direction of deflection deviated from the PD, spike threshold increased (r ϭ 0.99; p Ͻ 0.01) (Fig. 5B) . The amount of depolarization required to reach threshold for PD-evoked spikes was significantly less (8.0 Ϯ 0.18 mV; p Ͻ 0.05) than the amount of depolarization required to reach threshold for spikes evoked from directions 90, 135, and 180°away from the PD (9.0 Ϯ 0.18, 9.1 Ϯ 0.22, and 9.4 Ϯ 0.29 mV, respectively) (Fig. 5B) . Accordingly, the dV m /dt of the evoked spikes decreased with direction (r ϭ Ϫ0.95; p Ͻ 0.02) (Fig. 5C ). The dV m /dt of PD suprathreshold responses (2.5 Ϯ 0.15 mV/ms) was significantly higher than the dV m /dt of responses evoked from directions 90, 135, and 180°away from the PD (1.94 Ϯ 0.06, 1.80 Ϯ 0.06, and 1.79 Ϯ 0.12 mV/ms, respectively) (Fig. 5C) . Therefore, as predicted by the HodgkinHuxley model, as the dV m /dt of the response decreased, the amount of depolarization required to reach threshold increased (r ϭ 0.95; p Ͻ 0.01) (Fig. 5D) . In summary, the dV m /dt of the . Spike threshold and the preceding dV m /dt. A, The spike threshold (Thr) was determined as the V m from baseline at the time of the peak of the second derivative. B, A PD-(black) and OD-(gray) evoked spike are shown. The rate of rise preceding the PD spike was 1 mV/ms greater than that of the OD-evoked spike, and the spike threshold of the PD was 2.0 mV lower than that of the OD-evoked spike (vertical arrows). The inset shows the final 2.5 ms of the synaptic response leading to a spike, the time period in which dV m /dt was determined. C, Threshold and dV m /dt of all OD-and PD-evoked spikes are shown. The spike threshold of PD-evoked spikes was significantly lower, and the dV m /dt was significantly higher than that of OD-evoked spikes (mean Ϯ SE). D, Threshold versus dV m /dt for spontaneous spikes from three example cells, including the cell shown in B (cell 1).
response and the spike threshold, which is directly regulated by the dV m /dt, are dependent on the direction of deflection.
Contribution of spike threshold to direction tuning
As the direction deviates from the preferred, an increase in spike threshold may render more trials subthreshold, because more depolarization is required to evoke a spike. This would effectively enhance selectivity by contributing to the difference in the spike output between preferred and nonpreferred directions. Because typically only one or two spikes were elicited by each deflection, it is not feasible to quantify spike output using models of spike generation, such as the rectification model (Granit et al., 1963; Movshon et al., 1978; Carandini and Ferster, 2000) , which rely on mean firing rates. In addition, only the threshold of the first spike reliably reflects changes in the dV m /dt of the synaptic response. The threshold of subsequent spikes are also affected by the interspike interval (Henze and Buzsaki, 2001) . Therefore, to assess whether spike threshold contributes to direction selectivity, we compared the number of single trials that were suprathreshold for spike generation (suprathreshold/stimulus obtained) to the theoretical number of trials that would have been suprathreshold (suprathreshold/stimulus predicted) had the synaptic response generated a spike every time it crossed an arbitrary fixed threshold (Fig. 6) . For each cell, the fixed threshold applied was the average threshold of spikes evoked by the PD. Therefore, the difference between the observed and the predicted number of suprathreshold trials per stimulus depends solely on the amplitude of the synaptic response. A difference between the obtained and the predicted value demonstrates that changes in spike threshold play a role in direction selectivity. In theory, the use of either the PD or OD average threshold produces the same result, namely, that the predicted number of suprathreshold trials differs from the obtained. Because the threshold varies among directions, any fixed threshold would reveal a difference between the predicted and the obtained output. The use of the OD selects fewer spikes for all directions, making comparisons less robust. In addition, our goal was to determine whether the increase in threshold for directions diverging from the PD enhanced selectivity; therefore, we applied the threshold of the PD.
The above measurement requires that direction selectivity be reflected primarily in the probability of suprathreshold trials and not in the number of spikes per suprathreshold trial. Therefore, we compared the selectivity index obtained with these two measures.
For the cell illustrated in Figure 6 , the response to the PD was suprathreshold for spike generation in 16 of 21 trials (0.76 suprathreshold per stimulus, observed) (Fig. 6 A, right) . On two trials, a second spike was evoked generating 18 spikes in total (0.86 spikes per stimulus). The average spike threshold of PD evoked spikes was Ϫ55.6 mV. In one trial, the amplitude of the synaptic response was more depolarized than the average spike threshold but did not generate a spike (Fig. 6 A, inset, red trace) ; thus, the predicted number of suprathreshold trials using a fixed threshold (Ϫ55.6 mV) was 17 (0.81 suprathreshold per stimulus, predicted). In the OD (Fig. 6 A, left) , 6 of 21 trials were suprathreshold (0.29 suprathreshold per stimulus, observed) with each trial generating a single spike (0.29 spikes per stimulus). Four synaptic responses crossed the fixed threshold value without generating spikes (red traces), and therefore, the predicted number of suprathreshold trials was 10 of 21 trials (0.48 suprathreshold per stimulus, predicted).
Thus, expressing the numbers as percentages, the number of spikes per stimulus evoked for the OD was 34% of that for the PD (Fig. 6 B) , and the number of suprathreshold trials per stimulus (observed) for the OD was only 38% of the PD, indicating that additional spikes per suprathreshold trial contributed little to the difference in output between the PD and OD. In contrast, the number of suprathreshold trials per stimulus for the OD was 58% of the PD (Fig. 6 B) when predicted using a fixed threshold, indicating that the increase in threshold contributed to the difference between the number of suprathreshold trials between the PD and the OD (Fig. 6 B) . In summary, for this cell, the increase in threshold for the OD contributed to the selectivity of the spike output because, if threshold were fixed, the difference between the PD and OD would have been smaller.
We used this approach for the whole population and compared the tuning of the suprathreshold per stimulus obtained versus that predicted using a fixed threshold (Fig. 7) . The difference was already clear in the polar plot (Fig. 7A) . As in Figure 3 , values were represented normalized to the PD and offset to 180°. The obtained values of the spike (gray circles) and synaptic (triangles) responses are those from the population shown in Figure  3 . The selectivity of the suprathreshold trials per stimulus obtained (S ϭ 1.55) (Fig. 7B , open black circles) was significantly higher than that predicted by a fixed threshold (S ϭ 0.98; p Ͻ 0.05) (Fig. 7B, filled black circles) . In addition, the selectivity of the suprathreshold trials per stimulus obtained for the population was only slightly lower than the selectivity of the number of spikes per stimulus (S ϭ 1.64), which indicates, as for the single cell in Figure 6 , that an increased number of spikes per suprathreshold trial did not confound the results. In summary, for rat barrel cortex neurons, an increase in spike threshold at nonpreferred directions enhances the selectivity of whisker-evoked responses by effectively decreasing the probability that a nonpreferred stimulus will evoke a suprathreshold response. In addition, the increase in threshold is coincident with a decrease in the rate of membrane depolarization, which is, at least in part, directly regulating threshold.
Discussion
Understanding the mechanisms underlying the tuning for stimulus features of single cortical neurons is critical to understanding information representation in cortical circuits. The feature selectivity of the spike output of a neuron may result solely from the combination of the tuning characteristics of its synaptic inputs, or it may be enhanced by postsynaptic mechanisms. Our results show that the tuning of the spike output of barrel neurons to the angular direction of whisker deflection is sharper than the synaptic input. As in other sensory cortices (Carandini and Ferster, 2000; Volgushev et al., 2000; Wehr and Zador, 2003; Zhang et al., 2003) , this effect results from the rectifying nonlinearity imposed by the spike threshold in the input-output relationship of the cell. In addition, our results show that spike threshold is stimulus dependent and increases as the direction of deflection diverges from the PD. The systematic increase in threshold is correlated with a decrease in the dV m /dt of the synaptic response. Finally, by comparing the tuning properties of the measured spike output to the tuning properties predicted by applying a fixed threshold to the synaptic responses, we show for the first time that the systematic direction-specific changes in spike threshold significantly enhance the direction selectivity of barrel cortex neurons.
The rise in spike threshold, concomitant with the decrease in dV m /dt, is probably caused by an increased proportion of Na ϩ channels entering the inactivated state during the slower depolarization (Hodgkin and Huxley, 1952; Noble, 1966; Traub and Miles, 1991; Fleidervish et al., 1996; Martina and Jonas, 1997 ). An increased proportion of inactivated channels increases the level of depolarization needed to generate a net inward membrane current with negative slope conductance, which determines threshold (Hodgkin and Huxley, 1952 ; Noble and showing suprathreshold trials that generated spikes (n ϭ 6 trials, n ϭ 6 spikes; black), trials that crossed threshold (Thr) but did not generate spikes (n ϭ 4), and subthreshold trials (n ϭ 11). At right, superimposed responses to the PD (n ϭ 21) showing suprathreshold trials that generated spikes (n ϭ 16 trials, n ϭ 18 spikes; black), trials that crossed threshold but did not generate spikes (n ϭ 1; red), and subthreshold trials (n ϭ 4; blue) [average (avg) V m ϭ Ϫ60 mV; I ϭ 0.2 nA]. Averages are shown in the insets. B, The left histogram shows the spikes per stimulus (Spks/Stm) for the OD and the PD for this cell. The OD was 34% of the value of the PD. The middle histogram illustrates the number of trials per stimulus in which a spike was evoked (suprathreshold per stimulus observed). The OD was 35% of the PD, which is similar to the number of spikes per stimulus, because all but two suprathreshold trials evoked only a single spike. The right histogram shows the number of suprathreshold trials per stimulus predicted using a fixed threshold (this includes trials that crossed threshold but did not generate a spike; red traces in A). The difference between directions is considerably smaller (OD ϭ 58% of PD), showing that a variable threshold enhances direction selectivity. Stein, 1966) . Given that the difference in latency between spikes initiated at the highest and lowest threshold is Ͻ5 ms, and all spikes were initiated below Ϫ50 mV, it is unlikely that the activation of the delayed rectifier potassium current plays an important role in increasing threshold (Traub and Miles, 1991; Martina et al., 1998) .
Other factors, such as the change input conductance caused by the synaptic response itself, may also affect threshold. However, an increase in a shunting conductance that would cause an increase in threshold would also result in a steeper slope of the synaptic response, which is the opposite of what we observe. Intrinsic voltage-dependent conductances, located either in the soma (Axmacher and Miles, 2004) or in the dendrites (Hausser et al., 2000; Reyes, 2001) , may play an important role in determining the rate of depolarization immediately preceding the action potential thereby affecting threshold. However, the selectivity of neurons recorded with pipettes containing N-ethyl bromide quaternary salt (QX-314), which blocks several voltage-gated currents including potassium and calcium (Connors and Prince, 1982; Mulle et al., 1985) , was comparable with that measured in control conditions (data not shown). Furthermore, for the cells recorded with QX-314, the selectivity of the synaptic response amplitude was also higher at depolarized baseline V m s near spike threshold (as in the control conditions). This indicates that the intrinsic currents possibly activated by the depolarizing current do not play a substantial role in determining the direction dependent differences in rate of rise of the synaptic response.
Other factors determining the rate of rise of the synaptic response include concomitant inhibitory input (Wehr and Zador, 2003; Wilent and Contreras, 2004) , the degree of synchronization of the excitatory input, and the location of synapses on the somatodendritic membrane. Inhibitory input may simply add linearly to the excitatory input and decrease the slope of the synaptic response, or it may shunt excitatory input by increasing membrane conductance without necessarily causing hyperpolarization (Borg-Graham et al., 1998; Hirsch et al., 1998) . The degree of synchronization of thalamocortical input has been shown previously to play a key role for the encoding of velocity/acceleration in layer 4 of barrel cortex (Pinto et al., 2000 (Pinto et al., , 2003 , which results in an increase in dV m /dt of the synaptic response (Wilent and Contreras, 2004) . A similar role for thalamocortical input synchronization in the encoding of direction has been suggested by the increase in the amplitude of local field potentials recorded in thalamic barreloids to preferred versus nonpreferred directions (Temereanca and Simons, 2003) and by the dependence of angular tuning on deflection velocity (Lee and Simons, 2004) . We cannot determine whether decreases in input synchronization underlie the decrease in dV m /dt associated with nonpreferred directions. However, the relationship between spike threshold and dV m /dt increases the sensitivity of barrel cortex neurons to rapid depolarizations and therefore to synchronized input. This enhances the signal-to-noise ratio of the system by limiting the ability of poorly temporally correlated inputs, which depolarize the cell more slowly, to evoke spikes. Finally, input location may also be a critical factor, particularly in layer 4, where it has been demonstrated recently that minicolumns exist in which thalamocortical axonal arbors that share a common direction preference are colocalized (Bruno et al., 2003) .
An important functional consequence of the sharpening of direction tuning by the spike threshold is that it reduces the requirements for finely tuned synaptic input. Direction selectivity is already encoded in the response of trigeminal neurons (Lichtenstein et al., 1990; Minnery and Simons, 2003) . In ventrobasal thalamus, thalamocortical cells with like angular preference are clustered within the barreloids (Timofeeva et al., 2003) . In cortex, direction selectivity is determined in part by the converging pattern of thalamic afferents with similar direction preference to barrel (layer 4) neurons (Bruno et al., 2003) . Furthermore, thalamic convergence results in the arrangement of similar direction preferences in vertical domains within barrels (Bruno et al., 2003) . However, the degree of convergence and divergence of thalamic input (Jones, 2001) and the large amount of recurrent connectivity in cortex (Douglas et al., 1995) do not support a fine-tuned anatomical organization that could explain the physiological findings and opens the question of how such domains are organized. Reconciling our results with the anatomy requires elucidating how the dynamics of the inputs vary with respect to direction.
Finally, a variable spike threshold may also influence spike time reliability. For less steep depolarizations, the concurrent increase in threshold increases the time window in which a spike may occur. The rate of depolarization is influenced by the balance of excitation and inhibition, which is a strong determinant of spike time reliability (Pouille and Scanziani, 2001; Wehr and Zador, 2003) .
We have established that as the direction of deflection deviates from the PD, threshold systematically increases and the rate of membrane depolarization systematically decreases. We also demonstrated that the increase in action potential threshold enhances the direction selectivity of barrel neurons to the direction of deflection. Given that the intrinsic regulation of spike threshold by preceding V m is a ubiquitous biophysical property of neurons, we propose that the regulation of spike threshold by the stimulus-dependent rate of membrane depolarization may be a general mechanism used by the neocortex to enhance neuronal feature selectivity.
